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Bacteria can survive on hospital textiles and surfaces, fromwhich they can be disseminated, representing a source of health care-
associated infections (HCAIs). Surfaces containing copper (Cu), which is known for its bactericidal properties, could be an effi-
cient way to lower the burden of potential pathogens. The antimicrobial activity of Cu-sputtered polyester surfaces, obtained by
direct-current magnetron sputtering (DCMS), against methicillin-resistant Staphylococcus aureus (MRSA) was tested. The Cu-
polyester microstructure was characterized by high-resolution transmission electronmicroscopy to determine the microstruc-
ture of the Cu nanoparticles and by profilometry to assess the thickness of the layers. Sputtering at 300 mA for 160 s led to a Cu
film thickness of 20 nm (100 Cu layers) containing 0.209% (wt/wt) polyester. The viability of MRSA strain ATCC 43300 on Cu-
sputtered polyester was evaluated by four methods: (i) mechanical detachment, (ii) microcalorimetry, (iii) direct transfer onto
plates, and (iv) stereomicroscopy. The low efficacy of mechanical detachment impeded bacterial viability estimations. Micro-
calorimetry provided only semiquantitative results. Direct transfer onto plates and stereomicroscopy seemed to be the most
suitable methods to evaluate the bacterial inactivation potential of Cu-sputtered polyester surfaces, since they presented the least
experimental bias. Cu-polyester samples sputtered for 160 s by DCMS were further tested against 10 clinical MRSA isolates and
showed a high level of bactericidal activity, with a 4-log10 reduction in the initial MRSA load (10
6 CFU) within 1 h. Cu-sputtered
polyester surfaces might be of use to prevent the transmission of HCAI pathogens.
Health care-associated infections (HCAIs) are acquired by pa-tients during the process of care in a hospital or other health
care facility. Annually, in Europe, 5million people acquireHCAIs,
causing 135,000 deaths and representing an economic burden of
$16 to 30 billion (http://helics.univ-lyon1.fr/helicshome.htm). In
the United States, around 2 million patients suffer from a HCAI,
from which about 90,000 will die (12). HCAIs represent a major
problem that is still underestimated in developed countries and
even more so in developing countries (1). HCAIs can be acquired
by pathogens present on commonly touched surfaces, such as
door handles, table tops, hospital gowns, and bed sheets, where
bacteria remain alive for long periods of time and can be spread by
hand contact. Despite important handwashing campaigns such as
those steered by theWorld Health Organization (6, 19), infection
rates remain high, and additional measures should be taken. A
measure complementary to hand washing might be the reduction
of the bacterial burden in the hospital setting. A decrease in the
number of people infected in hospitals was observed previously
when the bacterial concentration was partially reduced in hospital
rooms (7). In that context, the use of antimicrobial surfaces is
currently being investigated, and an increasing number of surfaces
have been created to prevent bacterial colonization (4, 10, 20).
Surfaces made of metals like silver (Ag) or copper (Cu) have
shown a high level of efficiency in the killing of bacteria (16, 25).
When used as additives, Cu2 ions showed the best compromise
between antibacterial efficiency and cytotoxicity compared with
aluminum (Al3), cobalt (Co2), zinc (Zn2), and mercury
(Hg2) when tested against Staphylococcus epidermidis and fibro-
blast cells of the connective tissue (11). The mechanism of the
bactericidal activity of Cu is still poorly understood. The bacteri-
cidal effect of Cu is due to the release of Cu2 ions into the sur-
roundings, since Cu0 itself is not bactericidal (21). It is believed
that the antimicrobial activity of Cu is multifactorial and involves
mechanisms such as the generation of reactive oxygen species,
which induce oxidative injuries to bacterial DNA; cell wall or iron-
sulfur cluster-containing enzymes; as well as the binding of free
Cu ions to proteins which alter their function (9, 15, 17, 20, 24,
26). All mechanisms work together, ultimately leading to cell
death.
Previous work indicated that Cu-sputtered films exhibited a
better bacterial inactivation activity than TiO2- or Ag-sputtered
films under the same experimental conditions (2, 18). Currently,
there is no well-established method to assess the bactericidal ac-
tivity of this type of surface (14, 18).
HCAIs can be caused by a number of bacterial pathogens, such
as vancomycin-resistant enterococci,Clostridiumdifficile, orPseu-
domonas aeruginosa, but methicillin-resistant Staphylococcus au-
reus (MRSA) currently represents one of themost important chal-
lenges of infection control. This study focuses on the comparison
of four different methods to assess the viability of anMRSA strain
(ATCC 43300) on Cu-sputtered polyesters: mechanical detach-
ment,microcalorimetry, direct transfer onto plates, and stereomi-
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croscopy. Furthermore, the bactericidal activity of Cu-sputtered
polyester against 10 additional clinical MRSA strains was assessed
after 1, 2, and 3 h by the direct-transfer-on-plate method.
(Part of this work was presented at the 51st Interscience Con-
ference on Antimicrobial Agents and Chemotherapy [ICAAC],
Chicago, IL, 17 to 20 September 2011.)
MATERIALS AND METHODS
Bacterial strains and growth conditions. The MRSA strains used in this
study were S. aureus ATCC 43300, from the American Type Culture Col-
lection, as well as 10 additional clinical MRSA strains from our collection.
Bacteria were stored at80°C in cryovial bead preservation systems (Mi-
crobank; Pro-Laboratory Diagnostics, Richmond Hill, Canada) and
streaked onto brain heart infusion (BHI) agar plates before every experi-
ment. Cultures for the preparation of bacterial inocula were grown over-
night in BHI broth (Oxoid, Basingstoke, United Kingdom), from a single
colony picked on a BHI agar plate, and incubated at 37°C for 16 h. Cul-
tures were subsequently washed 3 times in 0.9%NaCl and serially diluted
to achieve the required concentrations used for the inoculation of the
unsputtered or Cu-sputtered polyester samples.
Cu deposition onto polyester samples by sputtering and choice of
sputtering parameters. Sputtering onto polyester was achieved by direct-
current magnetron sputtering (DCMS) or direct-current pulsed magne-
tron sputtering (DCPMS). Briefly, the positive argon (Ar) ions were ac-
celerated toward a Cu target (obtained from Lesker AG, Hastings, East
Sussex, UnitedKingdom) by applying a voltage of400V. The bombard-
ing of the target dislodged Cu atoms that were then deposited onto the
polyester substrate, forming Cu-sputtered polyester. The thickness of the
Cu layer depends on the duration of the sputtering: the longer the time,
the thicker the Cu layer. In our experimental setting, the plasma vacuum
had a pressure of 0.1 Pa, and the distance between the Cu target and the
polyester was10 cm. The deposition current was 300 mA at400 V.
Electron microscopy of the Cu samples required the samples to be
embedded in epoxy resin and then cross-sectioned with an ultrami-
crotome up to a thin section of 70 nm. A Philips (Philips Electronics N.V.,
Netherlands) high-resolution transmission electron microscopy (HR-
TEM) CM 300 microscope (field emission gun, 300 kV, and 0.17-nm
resolution) and a Philips EM 430 instrument (300 kV, LaB6, and 0.23-nm
resolution) were used to measure the particle sizes of Cu clusters.
Inoculation of unsputtered or Cu-sputtered polyester fabrics. Stan-
dardized square fabrics (4 cm2) of unsputtered (negative control) or Cu-
sputtered polyester were used. The samples were sterilized by autoclaving
(121°C for 20 min) prior to experimental determinations, handled with
sterile plastic tweezers, and used only once for each experiment. Fabrics
were loaded with various MRSA inocula (ranging from 107 to 102 CFU,
depending on the experiments) in 20 l of 0.9% NaCl. Inocula were
controlled by viable counts performed by plating 10-fold serial dilutions
onto BHI agar plates and counting colonies after 24 h of incubation at
37°C. Typically, a 106-CFU inoculum was 106 CFU  0.3  106 CFU.
Inoculated fabrics were then incubated for 1, 2, or 3 h in a humidified
chamber at room temperature. After incubation, MRSA viability was as-
sessed by the four methods described below.
Mechanical detachment. Unsputtered polyester fabrics were inocu-
lated with 106 CFU of MRSA and incubated for 2 h. After incubation,
polyester fabrics were placed into a 2-ml Eppendorf tube containing 1 ml
of 0.9% NaCl, and bacteria were detached by three different methods: (i)
vortexing (3 min at 3,200 rpm), (ii) vortexing-sonication-vortexing (30 s
at 3,200 rpm, 1 min at 100%, and 30 s at 3,200 rpm, respectively), or (iii)
sonication (3 min at 100%) (BactoSonic 14; Bandelin Electronic GmbH,
Germany). Durations of vortexing and/or sonication were established by
previous work in our laboratory to optimize the detachment efficiency
while conserving MRSA viability (A. Trampuz et al., unpublished data).
Viable counts were then performed by plating serial dilutions of the re-
suspended bacteria onto BHI agar plates and counting the colonies after
24 h of incubation at 37°C. For each experiment, three different polyester
coupons were inoculated and processed independently.
Microcalorimetry. Replicating bacteria release heat that can be mea-
sured by microcalorimetry (23). A microcalorimeter (TAM III; TA In-
struments) equipped with 48 channels was used in the isothermal mode
(set temperature of 37°C). The heat generated by the samples was contin-
uously monitored over time. Heat flow curves represented the growth of
the bacteria. The experiments showed an initial lag phase followed by
exponential growth until a peak was reached and a decrease of heat was
observed. These phases corresponded to the start of growth, exponential
growth, and the stationary phase, respectively. The highest value of the
heat flow curve was defined as the peak heat (PH) (in W), and the time
from the start ofmeasurements until peak heat was reachedwas defined as
the time to peak heat (TPH) (in hours).
In order to correlate the PH and TPH with the initial MRSA concen-
tration deposited onto the squares, unsputtered polyester fabrics were
inoculated with 10-fold serial dilutions of MRSA (107 CFU to 102 CFU).
After 2 h of incubation, inoculated polyester fabrics were inserted into
4-ml microcalorimeter glass ampoules containing 3 ml of BHI broth.
Ampoules were hermetically sealed and inserted into the microcalori-
meter, andMRSA growth wasmonitored as heat production over time up
to 72 h. Heat flow curves were analyzed by using TAM Assistant software
(v1.1.10.5; TA Instruments). The shape of the heat flow curves as well as
PH and TPH parameters for different MRSA concentrations were used to
establish a microcalorimetry scale.
Assessments of MRSA viability on Cu-sputtered polyester were then
performed. An MRSA inoculum of 106 CFU was deposited onto Cu-
sputtered polyesters or unsputtered polyesters as controls. Inoculated fab-
rics were incubated during 1, 2, and 3 h and inserted into microcalorim-
eter ampoules, as described above. Interpretation of the results was
carried out by a comparison of the results with the values obtained for the
microcalorimetry scale. All microcalorimetry experiments were per-
formed in triplicate.
Direct transfer onto plates. For the enumeration of microorganisms
in the environment, special agar plates can be applied directly onto the
tested surface, and the number of colonies can be counted after a period of
incubation. Using the same principle, we applied the inoculated polyester
directly onto BHI agar plates to transfer the potential viable MRSA colo-
nies from the fabric to the plate.
In order to correlate the number of bacteria transferred from the poly-
ester fabrics onto the agar plate to the bacterial load on the samples,
unsputtered polyester fabrics were inoculatedwith 10-fold serial dilutions
of MRSA (107 to 102 CFU). After 2 h of incubation, inoculated polyester
fabrics were deposited onto BHI agar plates, with the bacteria facing the
agar. BHI agar plates were separated in four quadrants, and pressure (0.07
N/cm2) was applied sequentially onto the polyester fabric sample for 1
min in each quadrant by using a 50-ml conical Falcon tube (BD Biosci-
ences, San Jose, CA) filled with 50 ml of water as weight and applied onto
the fabric with the cap facing downwards. Of note, an increasing duration
of pressure (up to 10 min) did not improve the transfer efficacy (data not
shown). Plates were then incubated for 16 h at 37°C before the transferred
colonies were evaluated. Transferred colonies were counted in each quad-
rant, and the sum of the 4 quadrants was determined as the number of
transferred colonies (NTC). The NTC obtained for different MRSA con-
centrations was used to establish a transfer-on-plate scale.
An assessment ofMRSA viability onCu-sputtered polyester fabric was
then performed. An MRSA inoculum of 106 CFU was deposited onto
Cu-sputtered polyester fabrics, along with unsputtered polyester fabrics
as controls. Inoculated fabrics were incubated during 1, 2, and 3 h, and
transfer onto a plate was carried out as described above for the scale. The
reported results were obtained by comparisons of the results with the
values obtained for the transfer-on-plate scale. For each experiment, three
different polyester samples were inoculated and processed independently.
Stereomicroscopy. Unsputtered and Cu-sputtered polyester samples
were inoculated with 106 CFU of MRSA and incubated for 2 h in a hu-
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midified chamber at room temperature. Inoculated polyester fabrics were
then stained by using a Filmtracer Live/Dead biofilm viability kit (Molec-
ular Probes, Invitrogen). This kit contains a combination of SYTO9 and
propidium iodide fluorochromes for the staining of live and dead cells,
respectively. Since polyester fabrics were not transparent, samples could
not be observed by confocal microscopy and were observed by fluores-
cence stereomicroscopy (Leica MZ16 FA; Leica Microsystems GmbH,
Wetzlar, Germany), which allowed the illumination and observation of
the sample fromabove. Imageswere processed by using software provided
by the manufacturer (LAS v.1.7.0, build 1240; Leica Microsystems CMS
GmbH).
RESULTS
Cu deposition onto polyester samples by sputtering and choice
of sputtering parameters. HRTEM results for polyester samples
showed most of the Cu particles presenting a diameter of 8 to 15
nm (Fig. 1). Deposition times of 90, 120, and 160 s led to Cu layers
of 12, 15, and 20 nm, respectively, as detected by profilometry.
In preliminary experiments, screening of the bactericidal activ-
ities of different types of Cu-sputtered polyester fabrics was per-
formed. Samples from two different sputtering types (DCMS and
DCPMS)with three different sputtering times (90, 120, and 160 s)
were tested. The fabrics were inoculated with 106 CFU of MRSA
and incubated for 1, 2, and 3 h, and the viability of MRSA was
assessed by using the direct-transfer-on-plate method. Samples
sputtered for 160 s by using the DCMS technique exhibited the
best bactericidal activity, with at least a 4-log10 reduction of the
initial inoculum in 1 h (data not shown). Hence, the DCMS sput-
tering ofCu for 160 s led to the optimal ratio of Cu-loading/cluster
size interactions forMRSA inactivation on the sample surface, and
these DC-sputtered samples were chosen for all further experi-
ments.
Assessment of bacterial viability bymechanical detachment.
Bacteria from samples inoculated with 106 CFU of MRSA were
detached by vortexing, vortexing-sonication-vortexing, or soni-
cation, and the viability of the resuspended MRSA cells was as-
sessed by viable counts. The detachment efficacy was determined
by comparing the number of detachedMRSA cells with the num-
ber of inoculated MRSA cells, giving a detachment percentage.
Detachment percentages of the different methods were then com-
pared. Means and standard deviations of detached percentages of
MRSA were 0.5% 0.2% by vortexing, 17.2% 5.2% by vortex-
ing-sonication-vortexing, and 7.7%  2.6% by sonication (Fig.
2). Statistical analysis (one-way analysis of variance [ANOVA]
followed by Tukey’s multiple test) performed on the viable counts
obtained with the three methods indicated that the vortexing-
sonication-vortexing method was significantly better than the
other two methods. Of note, the slightly increased recovery rate
observed for methods which used sonication might be due to
the enhanced breaking up of S. aureus aggregates, resulting in a
higher count of separate colonies on culture plates. However, a
recovery rate of only 17% was considered not to be represen-
tative of the MRSA load on the samples. In consequence, the
mechanical detachment methods were deemed not suitable for
the assessment of bacterial viability on the polyester fabrics and
were not further investigated with MRSA inoculated onto Cu-
sputtered polyesters.
Assessment of bacterial viability by microcalorimetry. Heat
flow curves were obtained for 10-fold serial dilutions of MRSA
(107 to 102 CFU) inoculated onto unsputtered polyester and in-
cubated for 2 h. These curves were similar in shape as well as in the
height of the PH (600W), and the TPH increased proportion-
ally with the decrease of theMRSA load (Fig. 3A and Table 1). For
instance, with the highest inoculum (107 CFU), the TPHwas only
4.5 h, whereas it was 10.9 h for the lowest inoculum (102 CFU). A
significant correlation between the inoculated MRSA concentra-
tion and the TPH was observed (r2 0.99). Therefore, measure-
ments of the TPH could be used to estimate theMRSA load on the
polyester fabric.
Heat flow curves obtained with unsputtered and Cu-sputtered
polyester fabrics inoculatedwith 106 CFUofMRSA and incubated
for 1, 2, or 3 h were compared. Heat flow curves of unsputtered
polyester fabrics had similar shapes and values for PH and TPH
for different incubation times (Fig. 3B and Table 2). In compari-
son with the microcalorimetry scale, values for the unsputtered
polyester confirmed an initial bacterial load of 106 CFU ofMRSA.
FIG 1 HRTEM of Cu particles sputtered at 300 mA for 160 s onto polyester
fabrics. E stands for epoxide, which was used to enrobe the Cu-polyester, and
P stands for polyester.
FIG 2 MRSA viability assessed bymechanical detachment. Unsputtered poly-
ester samples were inoculated with 106 CFU of MRSA for 2 h, and the detach-
ment of bacteria was performed by either vortexing for 3 min (V); vortexing-
sonication-vortexing for 30 s, 1 min, and 30 s, respectively (V-S-V); or
sonication for 3 min (S). The percentage of detached bacteria is expressed as
the ratio between the MRSA load retrieved after detachment and the MRSA
load inoculated onto the fabric. Results are presented as means and standard
deviations. One-way ANOVA followed by Tukey’s multiple test indicated that
means were significantly different (, P 0.05). ns, not significant.
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This indicated that MRSA did not lose viability on unsputtered
polyester after the different incubation times. In contrast, heat
flow curves of Cu-sputtered polyester were less exponential,
reached a much lower PH, and exhibited a greatly delayed TPH
(Fig. 3B and Table 2). This indicated a remaining bacterial load of
MRSA much lower than 102 CFU and, hence, at least a 4-log10
reduction from the initial bacterial load within 1 h.
Assessment of bacterial viability by direct transfer onto
plates. Transfer onto plates was performed for 10-fold serial dilu-
tions of MRSA (107 to 100 CFU) inoculated onto unsputtered
polyester fabrics and incubated for 2 h. The plates showed that the
number of transferred colonies (NTC) correlated with the initial
load ofMRSA (Fig. 4A). Between 104CFU and 102CFU, the trans-
ferred colonies could be counted, andNTC values were reproduc-
ible.With an inoculumhigher than 104 CFU, a confluent bacterial
lawn was observed, and the NTCwas too high to count.When the
inoculum was lower than 102 CFU, no transferred colonies were
observed, indicating that 102 CFU represented the limit of detec-
tion for this method. We therefore obtained a semiquantitative
scale that allowed estimations of the inoculum size based on the
NTC (data not shown).
Direct transfers obtained with unsputtered and Cu-sputtered
polyester fabrics inoculatedwith 106 CFUofMRSA and incubated
for 1, 2, or 3 h were compared. The transfer of unsputtered poly-
esters showed the presence of a confluent bacterial lawn after 1, 2,
or 3 h (Fig. 4B). Compared with the semiquantitative scale, this
indicated a load of about 106 CFU of MRSA, showing that no
reduction in the bacterial load on unsputtered polyesters occurred
after any of the tested incubation times. In contrast, only a few
colonies were recovered after the transfer of the Cu-sputtered
polyester fabrics onto agar plates (Fig. 4B). Compared with the
semiquantitative scale, the amount of transferred colonies corre-
sponded to a remaining bacterial load close to the detection limit,
that is, 102 CFU of MRSA. This indicated a diminution of almost
4 log10 in the initial bacterial load for any of the tested incubation
times. Hence, 1 h of incubation was sufficient to kill 99.99% of the
bacteria deposited onto the Cu-sputtered polyester.
A control experiment showed that no bacteriostatic or bacte-
ricidal amount of Cu was deposited onto the agar from Cu-sput-
tered fabrics during the transfer-on-plate procedure. Sterile un-
sputtered and Cu-sputtered fabrics (without bacteria) were
applied onto BHI agar plates as described above. The various
MRSA inocula (107 to 100 CFU) were then deposited onto these
areas, and the plateswere incubated for 16 h at 37°C.Nodifference
in growth was observed in areas where either unsputtered or Cu-
sputtered polyester had been applied.
Assessment of bacterial viability by stereomicroscopy. The
spatial distribution and viability of MRSA were assessed by fluo-
rescence stereomicroscopy after 2 h of incubation. Stereomicros-
copy images obtained with unsputtered and Cu-sputtered polyes-
ter fabrics inoculated with 106 CFU of MRSA and incubated for
2 hwere compared. Bacteriawere observed deep in themesh of the
polyester fabric. After staining, bacteria deposited onto unsput-
tered polyester fluoresced green, indicating living bacteria (Fig.
5A). In contrast, bacteria on Cu-sputtered polyester fluoresced
mostly red, indicating dead bacteria (Fig. 5B). Overall, these ob-
servations provided further evidence of the highly bactericidal ef-
fect of Cu-sputtered fabrics.
FIG 3 MRSA viability assessed by microcalorimetry. (A) Microcalorimetry
scale obtained with heat flow curves of 10-fold dilutions of MRSA (107 to 102
CFU) deposited onto unsputtered polyester samples and incubated for 2 h. (B)
Heat flow curves of 106 CFU of MRSA deposited onto unsputtered polyester
fabric (solid line) or Cu-sputtered polyester fabric (dashed line) and incubated
for 1, 2, or 3 h. The remaining estimated inoculum (EI) (in CFU) of viable
MRSA is based on the microcalorimetry scale.
TABLE 1 Assessment of bacterial viability by microcalorimetry on
unsputtered polyester fabricsa
Initial inoculum
(CFU)
Incubation
time (h)
TPH for unsputtered
polyester (h)
PH for unsputtered
polyester (W)
107 2 4.5 613
106 2 5.8 618
105 2 7 626
104 2 8.4 599
103 2 9.9 526
102 2 10.9 656
a Shown are data for the peak heat flow (PH) and time to reach PH (TPH) of
unsputtered polyester fabrics incubated for 2 h with 10-fold serial dilutions (107 to 102
CFU) of MRSA strain ATCC 43300.
TABLE 2 Assessment of bacterial viability by microcalorimetry on
unsputtered and Cu-sputtered polyester fabricsa
Incubation
time (h)
Initial
inoculum
(CFU)
Unsputtered polyester Cu-sputtered polyester
TPH
(h)
PH
(W)
Estimated
inoculum
(CFU)
TPH
(h)
PH
(W)
Estimated
inoculum
(CFU)
1 106 5.8 587 106 49.5 58 102
2 106 6.2 550 106 24.3 165 102
3 106 6.3 522 106 40.9 64 102
a Shown are data for the PH and TPH of unsputtered and Cu-sputtered polyester
fabrics incubated with an initial inoculum of 106 CFU for 1, 2, or 3 h. The remaining
estimated inoculum of viable MRSA is based on the results shown in Table 1.
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Bactericidal activity of Cu-sputtered polyester against clini-
calMRSA isolates. The bactericidal activity of Cu-sputtered polyes-
ter against MRSA was further tested on 10 additional clinical MRSA
strains by using the direct-transfer-on-platemethodwith 106 CFUas
the starting inoculum.As observed for strainATCC43300, the num-
ber of transferred colonies indicated a	3-log10 decrease of the bac-
terial loadafter anyof the incubation timesonCu-sputteredpolyester
samples (Fig. 6). Of note, for any clinical isolate, transfer from un-
sputtered polyester fabrics showed the presence of a confluent bacte-
rial lawn after 1, 2, or 3 h, indicating no loss of bacterial viability.
FIG 4 MRSA viability assessed by direct transfer onto plates. (A) Pictures of the transfer onto BHI agar plates of 10-fold dilutions of MRSA (107 to 102 CFU)
deposited onto unsputtered polyester fabrics and incubated for 2 h. (B) Pictures of the transfer onto BHI agar plates of 106 CFU of MRSA deposited onto either
unsputtered polyester or Cu-sputtered polyester fabrics and incubated for 1, 2, or 3 h. EI, remaining estimated inoculum.
Rio et al.
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DISCUSSION
Cu and its alloys have been registered as antimicrobial agents by
the U.S. Environmental Protection Agency (EPA), and guidelines
have been established to determine the efficacy of Cu alloy sur-
faces as a sanitizer (8). Typically, a high inoculum of the tested
bacteria is spread onto a 1-cm2 carrier of the metal, and bacterial
inactivation is assessed after 120 min of incubation by sonication
followed by viable counts. Also, the recovery of bacteria fromhard
surfaces, such as infected prosthetic materials in humans, can be
obtained by mechanical detachment methods such as vortexing
and sonication followed by viable counts (5, 13, 22). So far, most
studies of Cu surfaces have been conducted with crude Cu, using
large amounts of metal and being limited to hard surfaces such as
door handles, bed rails, or toilet seats (20, 25). The utility of Cu as
an antimicrobial agent for flexible materials such as hospital
gowns or bed sheets has received less attention. Covering objects
with a thin coating of Cu might be a solution to preserve the Cu
properties without the constraints of a hard metal layer and re-
duce the quantities of themetal used. This stimulates the develop-
ment of innovative routes to engineer metal-particulate films to
reduce or eliminate the prevalence of HCAIs. Sputtering is a
method that allows the deposition of a thin layer of metal onto
virtually any surface in the form of well-defined atomic layers. In
this study, Cu-sputtered fabrics weremanufactured by using aDC
magnetron that deposited Cu onto polyester, creating a flexible
fabric with antimicrobial properties.
We then compared 4 methods to assess the viability of MRSA
on unsputtered and Cu-sputtered polyester. We observed that
mechanical detachment retrieved, at best, less than one-fifth of the
initial amount of MRSA deposited onto the unsputtered polyes-
ter. The low efficiency of mechanical detachment methods was
probably due to the particular nature of the polyester surface, a
tridimensional mesh (ca. 130 m thick) into which bacteria dif-
fuse and aremore difficult to detach than fromplain hard surfaces
for which sonication has demonstrated a very good detachment
efficiency.
Microcalorimetry is an accurate tool for the detection of bac-
terial growth (3, 23). In the present study, we showed that Cu-
sputtered polyesters exhibited an important delay in the time to
peak detection, indicating that fewer than 102 CFU of MRSA sur-
vived after 1 h on the fabric. However, because MRSA cells re-
mained in contact with the Cu-sputtered polyester during the
measurement of heat production in the microcalorimeter, this
slightly overestimates the bactericidal effect.
Direct transfer onto agar plates combined two advantages.
First, this was the method that required the fewest steps between
the incubation ofMRSA on fabrics and the estimation of viability.
Second, it was the most affordable method of all, requiring only
agar plates. Because of this, it was determined to be the most
simple and reliable method to evaluate the bactericidal activity of
Cu-sputtered fabrics.
FIG 5 MRSA viability assessed by stereomicroscopy. Shown are fluorescence images of 106 CFU of MRSA strain ATCC 43300 deposited onto unsputtered (A)
and Cu-sputtered (B) fabrics and stained with a combination of SYTO9 green-propidium iodide after 2 h of incubation.
FIG 6 Viability of 10 clinical MRSA isolates on unsputtered or Cu-sputtered
polyester fabrics. Each dot represents the number of colonies transferred onto
BHI plates (left x axis) of an inoculum of 106 CFU of 10 clinical MRSA isolates
deposited onto unsputtered (white circles) or Cu-sputtered (dark circles)
polyester fabrics and incubated for 1, 2, or 3 h. The estimated remaining inoc-
ulumof viableMRSA (right x axis) is based on the direct-transfer scale (Fig. 4).
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Fluorescence stereomicroscopy showed that bacteria entered
deeply into the fabric and were in direct contact with the polyester
fibers. They could be differentiated into live or dead bacteria by
using a simple fluorochrome-based staining method.
In conclusion, the combination of direct transfer onto agar
plates and stereomicroscopy offered sufficient information to
evaluate the bactericidal activity of Cu-sputtered polyester. Our
results showed that polyester sputteredwithCu for 160 s exhibited
a very high bactericidal efficiency of at least 3 to 4 log10 units
against the 11 MRSA strains with 1 h of incubation. Further ex-
periments are required to assess the activity of Cu-sputtered tex-
tiles on additional bacterial pathogens which cause HCAIs, in-
cluding Gram-positive (e.g., vancomycin-resistant enterococci
andC. difficile) andGram-negative (e.g., P. aeruginosa) bacteria as
well as fungi or viruses. When available, Cu-sputtered fabrics
might be used to manufacture hospital gowns or bed sheets in
order to lower the bacterial load in the environment of the patient
and reduce pathogen transmission between health care workers
and patients or between patients. Manufacturing costs as well as
the resistance of such fabrics to laundering require additional
studies, but Cu-sputtered textiles show promise as materials to
reduce the transmission of health care-associated pathogens.
ACKNOWLEDGMENTS
We thank Yannick Krempp from the Cellular Imaging Facility of the Uni-
versity of Lausanne for technical help with the stereomicroscopy experi-
ments.
We also thank the COSTActionMP0804Highly Ionized Pulse Plasma
Processes (HIPIMS) and the EPFL for partial financial support of this
work.
REFERENCES
1. Allegranzi B, et al. 2011. Burden of endemic health-care-associated in-
fection in developing countries: systematic review andmeta-analysis. Lan-
cet 377:228–241.
2. Baghriche O, et al. 2012. High power impulse magnetron sputtering
(HIPIMS) and traditional pulsed sputtering (DCMSP) Ag-surfaces lead-
ing to E. coli inactivation. J. Photochem. Photobiol. A Chem. 227:11–17.
3. Baldoni D, Hermann H, Frei R, Trampuz A, Steinhuber A. 2009.
Performance of microcalorimetry for early detection of methicillin resis-
tance in clinical isolates of Staphylococcus aureus. J. Clin. Microbiol. 47:
774–776.
4. Bischof Vukusic S, Flincec Grgac S, Budimir A, Kalenic S. 2011. Cotton
textiles modified with citric acid as efficient anti-bacterial agent for pre-
vention of nosocomial infections. Croat. Med. J. 52:68–75.
5. Bjerkan G, Witso E, Bergh K. 2009. Sonication is superior to scraping for
retrieval of bacteria in biofilm on titanium and steel surfaces in vitro. Acta
Orthop. 80:245–250.
6. Boyce JM, Pittet D. 2002. Guideline for hand hygiene in health-care
settings: recommendations of the Healthcare Infection Control Practices
Advisory Committee and the HICPAC/SHEA/APIC/IDSAHandHygiene
Task Force. Infect. Control Hosp. Epidemiol. 23:S3–S40. doi:10.1086/
503164.
7. Dancer SJ. 2009. The role of environmental cleaning in the control of
hospital-acquired infection. J. Hosp. Infect. 73:378–385.
8. EPA. 2005. Test method for efficacy of copper alloy surfaces as a sanitizer.
EPA, Washington, DC.
9. Espirito Santo C, et al. 2011. Bacterial killing by dry metallic copper
surfaces. Appl. Environ. Microbiol. 77:794–802.
10. Hebalkar NY, Acharya S, Rao TN. 2011. Preparation of bi-functional
silica particles for antibacterial and self cleaning surfaces. J. Colloid Inter-
face Sci. 364:24–30.
11. Heidenau F, et al. 2005. A novel antibacterial titania coating: metal ion
toxicity and in vitro surface colonization. J. Mater. Sci. Mater. Med. 16:
883–888.
12. Klevens RM, et al. 2007. Estimating health care-associated infections and
deaths in US hospitals, 2002. Public Health Rep. 122:160–166.
13. Kobayashi H, Oethinger M, Tuohy MJ, Procop GW, Bauer TW. 2009.
Improved detection of biofilm-formative bacteria by vortexing and soni-
cation: a pilot study. Clin. Orthop. Relat. Res. 467:1360–1364.
14. Kusiak-Nejman E, et al. 2011. E. coli inactivation by high-power impulse
magnetron sputtered (HIPIMS)Cu surfaces. J. Phys. Chem. C 115:21113–
21119.
15. Matsunaga T, Tomoda R, Nakajima T, Nakamura N, Komine T. 1988.
Continuous-sterilization system that uses photosemiconductor powders.
Appl. Environ. Microbiol. 54:1330–1333.
16. Michels HT, Noyce JO, Keevil CW. 2009. Effects of temperature and
humidity on the efficacy of methicillin-resistant Staphylococcus aureus
challenged antimicrobial materials containing silver and copper. Lett.
Appl. Microbiol. 49:191–195.
17. Ohsumi Y, Kitamoto K, Anraku Y. 1988. Changes induced in the per-
meability barrier of the yeast plasmamembrane by cupric ion. J. Bacteriol.
170:2676–2682.
18. Osorio-Vargas P, et al. 2011. Antimicrobial Cu-functionalized surfaces
prepared by bipolar asymmetricDC-pulsedmagnetron sputtering (DCP).
J. Photochem. Photobiol. A Chem. 220:70–76.
19. Pittet D, Allegranzi B, Storr J. 2008. The WHO Clean Care Is Safer Care
programme: field-testing to enhance sustainability and spread of hand
hygiene improvements. J. Infect. Public Health 1:4–10.
20. Quaranta D, et al. 2011. Mechanisms of contact-mediated killing of yeast
cells on dry metallic copper surfaces. Appl. Environ. Microbiol. 77:416–
426.
21. Sunada K, Watanabe T, Hashimoto K. 2003. Bactericidal activity of
copper-deposited TiO2 thin film under weak UV light illumination. En-
viron. Sci. Technol. 37:4785–4789.
22. Trampuz A, et al. 2007. Sonication of removed hip and knee prostheses
for diagnosis of infection. N. Engl. J. Med. 357:654–663.
23. Trampuz A, Salzmann S, Antheaume J, Daniels AU. 2007. Microcalo-
rimetry: a novel method for detection of microbial contamination in
platelet products. Transfusion 47:1643–1650.
24. Warnes SL, Keevil CW. 2011. Mechanism of copper surface toxicity in
vancomycin-resistant enterococci following wet or dry surface contact.
Appl. Environ. Microbiol. 77:6049–6059.
25. Weaver L, Noyce JO, Michels HT, Keevil CW. 2010. Potential action of
copper surfaces on meticillin-resistant Staphylococcus aureus. J. Appl.
Microbiol. 109:2200–2205.
26. Yates H, et al. 2008. Photo-induced self-cleaning and biocidal behaviour
of titania and copper oxide multilayers. J. Photochem. Photobiol. A
Chem. 197:197. doi:10.1016/j.jphotochem.2007.12.023.
Rio et al.
8182 aem.asm.org Applied and Environmental Microbiology
